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Abstract 
This paper presents a proposed heating system for the Green Energy Lab (GEL) located in Shanghai Jiao Tong University. To 
make full use of solar energy the system is designed to store the solar thermal energy in the ground soil, using U-tube heat 
exchange in the seasons when the solar thermal energy is not in use.  A simulation model was developed in TRNSYS to develop 
the ground storage model based on the design parameters of the GEL and weather conditions of Shanghai. The simulation results 
show that the usage of a solar collector can reduce the electricity use in the systems. This reduction is primarily due to the 
reduced operation time of the geothermal heat pump and by increasing the ground source temperature. During the simulation the 
interaction between the borehole heat exchanger, the geothermal heat pump and the evacuated tube collector was investigated. At 
the same time the load requirements were analyzed. To see how the geothermal storage is affected by the change of design 
parameters a base case was used. The results show that the systems performance is closely linked to the storage size. With intend 
to store heat a large number of boreholes with small spacing should be used. The heating of the GEL were established and the 
building was used as the heat load in the simulation. With a solar collector the electricity usage can be reduced by 26.1%.  
 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review by the scientific conference committee of SHC 2014 under responsibility of PSE AG. 
Keywords: Borehole storage; Solar collector; Seasonal storage; TRNSYS; Heat Pump 
1. Introduction 
The focus on renewable energy sources for space and water heating has increased in later time. To maintain the 
standard of living, energy consumption cannot be avoided but need to be used more efficiently and with a larger 
share of renewable resources [1]. This makes seasonal energy storage a viable solution of great value. Buildings in 
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China are expected to account for more than 35% of the national energy use by the year 2020, where heating, 
ventilation and air-conditioning systems account for more than 65% of the energy used in buildings [2]. In 2007 coal 
accounted for 69.5% of Chinas national energy consumption [3]. The Renewable Energy Law (RE Law) took effect 
in 2006 in China demanding that 15% of all energy should be supplied by renewable energy sources [4]. Even 
though the focus on green energy is increasing coal is still a predominant fuel for space heating plants [5]. Solar 
energy is an unlimited renewable energy source. It is not the amount of solar radiation that is a barrier for its use but 
the fact that the availability and demand often is out of phase [6]. The seasonal mismatch between high solar 
irradiation in the summer and high heat demand in the winter can be balances by seasonal heat storage [7].  The 
heating and cooling load for an office building is uncertain since it is dependent on the number occupants and 
duration of occupancy. This makes it difficult to design an exact solar system to complement the mismatch between 
heating load and cooling load for office buildings [8]. China started their research and practice on GSHPs later than 
the development countries. Qingdao Technical University, Tianjin University and Tianjin University of Commerce 
started testing and experimenting on the performance on GSHPs in the end of 1980s. Today the interest in the GSHP 
in China is growing, but there are still no soil/rock UTES in practical use in China reviling the slow development on 
this field [4].  
 
Nomenclature 
A  area (m2) 
E  specific heat capacity (kJ/kgK) 
F  fraction (-) 
h  enthalpy (kJ/kg) 
I  solar radiation per square meter solar collector (kJ/hrm2) 
SF  solar fraction (-) 
m  mass flow rate (kg/s) 
T  temperature (°C) 
ǻ7  temperature difference (°C) 
Q  energy rate (kJ/h) 
W  electrical energy consumption (kJ) 
Ș  thermal efficiency of the solar collector 
BTES Borehole Thermal Energy Storage 
GSHP Ground Storage Heat Pump 
UTES Underground Thermal Energy Storage 
HP  Heat Pump 
COP  Coefficient of Performance 
GEL  Green Energy Lab 
SC  Solar Collector 
  
2. Components and system 
The Green Energy Lab (GEL) is a study and test platform for analysis and experiments on building base energy 
systems and more. The building has in total tree floors. It has a ground surface area of 1600m2 and a height of 15.1m 
[9]. The GEL is used as the heating load in the simulations done in TRNSYS. The simulated work place comprises 
816.5m2 and the work place volume comprises 3429.2m2.  
The proposed heating system that is simulated combines a solar collecting system with BTES and a ground 
couplet heat exchanger. A water tank connects the solar collector and the ground storage. The simulation accounts 
for the indoor air-conditioning system. The system is divided into four different operation modes, solar thermal 
ground storage, solar direct heating, direct heat exchanger and geothermal heat pump. The first mode is in operation 
during the storage season while the remaining is in operation during the heating season.  The modes are investigated 
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separately and presented in prioritized order. The solar thermal ground storage mode takes effect through the whole 
storage season. Solar thermal energy collected by the solar collectors is transferred to the water tank. The water in 
the tank exchanges heat to the heat carrier fluid, which circulates through the boreholes. In the solar direct heating 
mode the solar collector is used to produce heat during the heating season. The system delivers hot water directly to 
the fan coil-heating terminal if the water temperature in the tank is hot enough for space heating (30°C-35°C). The 
direct heat exchanger mode takes effect when the solar collector cannot provide sufficient temperature for use in the 
heating system.The boreholes are used to produce heating by direct heat exchange in this mode. The ground 
temperature should be higher than 30°C for this mode to be in operation. When the ground temperature has 
decreased the geothermal heat pump can be in operation. The geothermal heat pump mode is used when the ground 
temperature drops to a certain level. Then the heat cannot be utilized to direct heat exchange. The heat pump is then 
set in operation and reduces its power by extracting the remaining heat from the ground storage. The decreasing 
temperature tendency continues but the ground storage is used as a heat source for the geothermal heat pump (20°C-
30°C).  
3. Mathematical models 
A single-stage water-to-water heat pump is used in TRNSYS. The COP of the HP is used to describe its 
performance. The COP of the heat pump and the outlet conditions is calculated by the following equations.  
 
ܥܱܲ = ொ೗೚ೌ೏
ௐ೎೤೎೗೐
= ொ೗೚ೌ೏
ொ೗೚ೌ೏ିொೞ೚ೠೝ೎೐
= ்೗೚ೌ೏
்೗೚ೌ೏ି ೞ்೚ೠೝ೎೐
        (1) 
 
 
௟ܶ௢௔ௗ_௢௨௧ = ௟ܶ௢௔ௗ_௜௡ െ ொ೗೚ೌ೏௠ሶ ೗೚ೌ೏௖೗೚ೌ೏          (2)
    
 
௦ܶ௢௨௥௖௘_௢௨௧ = ௦ܶ௢௨௥௖௘_௜௡ െ ொೞ೚ೠೝ೎೐௠ሶ ೗೚ೌ೏௖೗೚ೌ೏         (3) 
 
        
The plant under investigation will have a BTES consisting of 9 vertical boreholes, with 3 series. Each borehole 
has an individual depth of 10 meter and spacing of 5 meters apart. It assumes uniformly placed boreholes within a 
cylindrical ground storage volume.  The boreholes volume is calculated by eq.4.  
 
ܸ = ߨ × ݊ݑܾ݉݁ݎ × ݀݁݌ݐ݄ × (0.525 × ݏ݌ܽܿ݅݊݃)ଶ        (4) 
          
The solar collector subsystem consists of two evacuated tube collectors each with an area of 216m2. The model 
uses eq. 5 to calculate the efficiency.  
 
ߟ = ܽ଴ െ ܽଵ ୼்ூ െ ܽଶ
୼்మ
ூ
          (5) 
        
The solar fraction and the system efficiency are calculated by eq.6. 
 
             
ܵܨ = ாೞ
ா್ೠ೔೗೏೔೙೒
            (6) 
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Eq. 7 describes the system efficiency.  The system efficiency is defined as the ratio of the total amount of useful 
solar energy gain and the total amount of solar radiation on the soar collector over a period of time. 
 
ߟ௦_ೞ೤ೞ = ாೠ஺ீ           (7) 
           
4. Simulation and results 
TRNSYS (Transient System Simulation Program)[10] is the simulation program used to simulate the different 
modes in the energy system. TRNSYS is a modular system simulation package in which the user describes the 
components that comprise the system and the manner in which these components are interconnected. Type 56 
describes a building with multiple thermal zones and walls with different thermal properties, and is used to represent 
the GEL in TRNSYS. There are four different kinds of construction elements: external walls, floor, windows and 
roof [12]. The GEL is treated as one simple zone with a single inside air temperature [12]. 
4.1. Weather conditions  
The weather model in TRNSYS, Type 106, is used to obtain the solar radiation and metrological data for 
Shanghai. Meteonorm provides the metrological data used in the weather component used in TRNSYS [13]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Monthly average radiation on horizontal plate in Shanghai Fig. 2. Monthly average temperature in Shanghai 
The temperature variation during a year is as shown in Fig. 1, and can be seen as low in the winter and high in the 
summer. Fig. 2 shows the monthly average solar radiation for Shanghai in duration of a year. It can be easily 
seen that the solar radiation is highest in the summer months and decreases towards the winter. This means 
that the energy demand will be high in the winter and low in the summer. The solar radiation has the opposite 
tendency, with high solar radiation in the summer and low in the winter. This mismatch in supply and demands 
makes a seasonal storage a viable solution.  
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4.2. Load characteristics 
Table 1 provides an overview of the energy demand for space heating of the reference building in different units 
as well as the power demand for space heating.  
Table 1. Energy and Power Demand 
 Specific energy 
demand [kwh/m2] 
Total Energy 
Demand [kWh/year] 
Specific Energy 
Demand [MJ/m2] 
Total Energy 
Demand [MJ/year] 
Energy Demand  33.4 27233.0 121.1 98038.8 
 Average Power 
Demand [W/m2] 
Peak Power Demand 
[W/m2] 
Average Power 
Demand [KJ/hrm2 
Peak Power Demand 
[KJ/hrm2] 
Power Demand 11.3 31.0 40.7 111.6 
 
The power demand for every month was found in TRNSYS, by using TRNBuild [12]. The peak power demand 
occurs in January, while there are only heating demand from the beginning of November to the end of March. This 
period represents the heating season.  
4.3. Mode 1: Solar thermal ground storage 
The system is closely linked to its size, and the system performance and behavior is studied by changing 
the design parameters. Boreholes with small spacing were found to be favorable by Wang, E. et al when 
harnessing heat [8]. The spacing and corresponding number of boreholes were calculated, eq. 4. The volume 
was kept constant at 1948m3and the header depth at 10 meter. The results from TRNSYS show that compact 
patterns with a high number of boreholes will increases the heat transfer to the ground. The temperature of the 
storage will likewise increase with smaller spacing. With small spacing and a high number of boreholes the 
boreholes will thermally influence each other and raise the amount of heat transfer. This tendency is favorable for 
heat storage.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3. Storage trends for varied spacing and number of boreholes 
 T_storage
 E_tanklosses
 E_u(solargain)
 E_injection
 E_storagelosses
 E_storage
0 1 2 3 4 5 6 7
0
5
10
15
20
25
30
35
40
Spacing (m)
Te
m
pe
ra
tu
re
(o C
)
20000
40000
60000
80000
100000
120000
140000
160000
180000
Energy(M
J)
160   Hanne Thorshaug Andresen and Yong Li /  Energy Procedia  70 ( 2015 )  155 – 162 
The heat storage design for this system should be designed with 56 boreholes spaced 2 meter apart. This can be 
seen from Fig 3. At this design the amount of stored energy is at its maximum and hence this design shows the most 
promising performance for thermal energy storage. The amount of stored energy is 76827.92 MJ for the optimal 
design. The storage losses will excess the stored heat for smaller spacing than 2 meter; therefore too small spacing is 
not a good option. The size of the solar collector area is a key parameter since it is the area that area exposed to the 
sun. The system was simulated for areas of 216m2(base case), 250m2, 300m2 and 350m2. The storage temperature in 
the end of each month during the storage season was found to increase with an increasing solar collector area. 
Different parameters were changed in addition to the collector area. The absolute amount of heat loss is bigger with 
increased borehole depth. The efficiency will also be better for storages with increased depth since the amount of 
useful energy gain is bigger for these storages. By keeping the number of boreholes constant while varying the 
number of boreholes it was found that the collector efficiency increases with increasing spacing and storage volume.   
4.4. Mode 2: Solar direct heating  
Simulations in TRNSYS were done for the solar direct heating mode to reveal how much of the heat load that 
could be covered during this mode. January has the highest load and lowest energy supply. This results in a low 
solar fraction, seen from eq. 6. From Fig. 1 it is seen that January have the lowest average ambient temperature, 
resulting in a large difference between the indoor and outdoor temperature, providing a large heat load. The solar 
radiation is low in January, seen from Fig. 2. The solar fraction, eq. 6, is therefore low. The solar radiation and solar 
fraction over the storage period can be seen in Fig. 4. 
4.5. Mode 3: Direct heat exchange with the boreholes 
The solar direct heating mode were simulated to learn how much of the heating load that can be covered by direct 
heat exchange with the boreholes. The room temperature during the solar direct heating mode is seen in Fig. 5. From 
Fig. 5 it can be seen that the direct heat exchange with the ground is not able to maintain the set temperature if 20°C 
when the soil temperature drops below 30°C. This is because the storage temperature is lower than the minimum 
temperature needed for space heating, 30°C. With storage temperature higher than 30°C the room temperature is 
stable. The room temperature is varying with the ambient temperature and the ambient temperature is high in the 
beginning of the storage season. The ground provides some heating, but not enough to maintain a stable temperature 
of 20°C. The storage temperature is decreasing during the heating season. This decreasing tendency is because heat 
from the storage is used to maintain the room temperature. The amount of heat transferred from the storage to the 
room is 2493MJ, which will cover around 25% of the heat demand.  
 
 
 
 
  
 
 
  
 
 
 
 
 
 
 
Fig. 4. The solar fraction and solar radiation during the heating season  Fig. 5.  Direct heat exchange during the heating season. 
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4.6. Mode 4: Geothermal heat pump 
To investigate the performance of the heat pump system the temperature in the boreholes is analyzed. The 
geothermal heat pump mode is simulated in TRNSYS to see how the ground storage is compatible with the heat 
pump. The temperature increase in the soil during the summer and the temperature decrease in the winter are not 
balanced. The temperature decrease in the winter is lager [12] due to low header depth and too small volumes, seen 
from Fig.6. The low header depth of 10 meters provides a large hest transfer rate in the heating season. The 
temperature of the storage went below 0oC during the storage season. Steady state calculations give that the 
temperature difference is four times higher in the heating season compared to the storage season [12]. The volume 
was increased by 4 times. This results in a header depth of 40meter in the heating season to balance the temperature 
difference.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Ground temperatures with depth of 10 meters    Fig. 7. Ground temperature with depth of 40 meters 
The inlet and outlet temperature of the storage after increasing the borehole depth is more stable and higher, seen 
in Fig. 7. With deeper depth the influence of the surface temperature decreases and the storage temperature becomes 
more stable. The capacity of the heat pump is high enough to cover the whole heating season.  
4.7. Electricity saving  
During the heating season there are three operation modes, each simulated separately in TRNSYS. The results are 
presented in Table 2.  
 
               Table. 2. Results from Simulation each mode in the heating season 
Operation 
mode 
Supplied Heat [MJ] 
Percentage Of The 
Load 
Mode 2 36203 37% 
Mode 3 24934 25% 
Mode 4 36901 38% 
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The solar direct heating mode and the geothermal heat pump almost supply the same amount of heat. By using 
other modes previous to the heat pump the operation time of the heat pump I greatly reduced. Operation mode 2 and 
mode 3 cover in total 62% of the load leaving the remaining 38% to be covered by the heat pump, mode 4.With the 
integration of solar collectors the electricity use for the proposed system was found to be 11083 MJ [12]. For the 
system without the solar collectors the electricity was found to be 15000MJ [12]. By combining the solar collectors 
to the ground storage 26.1% of the electricity use can be saved. The COP for the heat pump with heating storage for 
the whole heating period was found to be 4.5. The COP for the heat pump with the unheated storage for the whole 
period was 4.2.  
5. Conclusion 
A study of a proposed heating system at the GEL located in Shanghai using TRNSYS has been carried out. The 
sizing of the ground storage is found to be critical for the storage performance. A smaller volume will result in 
higher storage temperature and then higher relative losses. The losses increase with the envelope surface, while 
stored energy is increased with the storage volume. The BTES storage is used to harness energy. When storing is the 
right usage of the BTES the optimal design consist of a compact pattern with small spacing.  A compact pattern 
increases the thermal interaction, the heat transfer area and the heat transferred to the ground. The thermal 
interaction is increased when the spacing is reduced. It is found that the solar direct heating mode can cover 37% of 
the load. The direct heat exchanger is able to cover 25% of the heating mode.  When the soil temperature drops 
below 30°C the direct heat exchange with the ground is not able to maintain the set temperature of 20°C. The 
geothermal heat pump is used to balance the deviation in heat extraction and heat ejection. In this system that means 
cover a remaining load of 38%. The coefficient of performance (COP) for the proposed system with or without a 
solar collector was calculated. It was found that the COP for system with solar collector and without was 4.5 and 4.2 
respectably. When the system is considered as an unheated system the COP was a bit smaller than with a heated 
storage.  
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